Background
==========

Bread wheat (*Triticum aestivum* ssp. *aestivum)* is, together with rice and maize, one of the main staple food crops of the world; in 2012 some 675 million tones were produced worldwide \[[@B1]\]. The importance of bread wheat has lead to the development of several species-specific genetic marker systems, such as SSRs (simple sequence repeats) \[[@B2]\], and DaRT markers \[[@B3]\] in addition to the generalist marker systems, for example AFLPs \[[@B4]\], previously in use. The development of Single Nucleotide Polymorphism (SNP) panels in wheat was long hampered by the lack of a reference genome sequence. However, the rapid development of sequencing methods recently enabled the completion of the wheat genome sequence \[[@B5]\], which has led to the development of SNP panels \[[@B6],[@B7]\]. These genome-wide SNP panels allow not only wheat breeding to be addressed at a whole new level, but analysis of the evolution of domesticated wheat species can now be approached on a genomic scale.

The progenitor species of all domesticated wheat, wild emmer (*T. turgidum* ssp. *dicoccoides*), arose as an allotetraploid 300,000--500,000 years ago \[[@B8],[@B9]\]. Much more recently, around 10,000 years ago, domesticated forms of emmer with a tough rachis emerged \[[@B10]\]. There is evidence that the two main cultivated, free-threshing wheats, tetraploid durum and hexaploid bread wheat, emerged from domesticated emmer wheat \[[@B11]\], although *de novo* domestication of durum from wild emmer has not yet been ruled out \[[@B12]\]. Bread wheat is believed to have arisen from a cross between a domesticated tetraploid wheat and the diploid wild grass *Aegilops tauschii*\[[@B8]\] although it is not clear whether the tetraploid ancestor was the naked durum or the hulled emmer \[[@B11],[@B13],[@B14]\].

Durum wheat (*T. turgidum* ssp. *durum*), the most widely grown tetraploid wheat, is cultivated to a far lesser extent than hexaploid bread wheat. The cultivation of other domesticated tetraploid wheats, such as emmer (*T. turgidum* ssp. *dicoccum*) and rivet (*T. turgidum* ssp. *turgidum*), is very limited. These relict crops have little agricultural importance, which has also lead to them being studied to a lesser extent than bread wheat. However, some SSR \[[@B15]\] and SNP \[[@B16]\] markers have been specifically developed for durum. The tetraploid wheats are an important genetic resource for breeding novel genetic diversity into bread wheat \[[@B17]\] and hence their genetic analysis is of importance. In addition, durum, emmer and rivet are an integral part of the evolutionary history of domesticated wheat. Exploring the distribution of genetic diversity in tetraploid wheats is thus valuable, both to document the genetic diversity present and to explore aspects of wheat evolution.

To date, the phylogeography of tetraploid wheat has mainly been explored in the Mediterranean region where its dispersal has been investigated using both AFLP and SSR markers \[[@B18],[@B12]\]. Using the analysis of SSR markers in Italian emmer wheats, Isaac et al. \[[@B19]\] suggested a point of origin of emmer cultivation within the country; however, only a subset of the landrace accessions showed geographical structuring of genetic diversity. Oliveira et al. \[[@B12]\], also using SSR markers, showed that part of the genetic diversity found in durum wheats is geographically structured as an effect of the older evolutionary history of durum, but also that the effects of more recent seed trade could be detected through the wider dispersal of some genotypes.

The number of markers utilized in phylogeographic studies is a major component of the level of resolution that can be obtained \[[@B20]\]. For this reason, the potential number of markers and ease of genotyping make SNP markers an attractive choice for analyses of population structure when aiming to detect higher levels of genetic structuring. The rapid discovery of SNP markers in elite bread cultivars has provided a wealth of markers that also have the potential to be utilized in the genetic analysis of tetraploid wheats. There are, however, potential problems to the transfer of markers between genetically differentiated materials. Ascertainment bias, the selection of loci from a small number of individuals that are not representative of the different allele frequencies present in a population, not only underestimates biodiversity but can also affect analyses of population structure \[[@B21],[@B22]\], although some authors have found limited effects on the general outcome \[[@B23]\]. However, there are few studies that compare the phylogeographic effects of biased and unbiased markers in the same set of individuals.

Here we revisit the study of tetraploid wheat landraces in the Mediterranean by Oliveira et al. \[[@B12]\]. An overlapping set of tetraploid wheat accessions is analysed using a panel of SNP markers in order to investigate whether a 15-fold increase in number of markers, although markers of a different type, will enable the detection of higher levels of phylogeographic structuring and further insight into the evolutionary history of tetraploid wheats.

Methods
=======

Plant materials and SNP genotyping
----------------------------------

Four durum wheat landraces (PI 52503, Cltr15472, PI 192483, TRI3055) and two rivet landraces (PI372456, TRI4082) were genotyped with 5386 SNPs in a panel developed by Allen et al. \[[@B24]\]. The landraces were chosen to represent distinct geographic regions and had previously been shown to belong to different ancestral populations based on their SSR genotypes \[[@B12]\]. DNA was extracted from the pooled first leaves of five individuals of each accession \[[@B12]\]. The accessions were assayed using the KBioscience Ltd. Competitive Allele Specific PCR SNP genotyping system, henceforth referred to as KASPar® (LGC Genomics Ltd., Hoddesdon, UK) \[[@B24]\].

Of the SNPs assayed, 444 SNPs produced clear calls in at least five of the six accessions and were chosen for further analysis (Additional file [1](#S1){ref-type="supplementary-material"}). These SNPs were used for genotyping an additional 99 accessions of tetraploid wheats (71 durum landrace accessions, seven rivets, eight wild emmers and 14 landrace emmer wheats; Additional file [2](#S2){ref-type="supplementary-material"}). DNA extraction and genotyping was carried out as above \[[@B12]\].

Data analysis
-------------

Genetic diversity (calculated as Nei's h, the expected heterozygosity under Hardy-Weinberg equilibrium) and Wright's F~ST~ (the genetic differentiation between subpopulations) were estimated according to Nei \[[@B25]\] using purpose-written Perl scripts (available by request), as was Tajima's D statistic \[[@B26]\]. For the calculation of F~ST~, significance values were determined by permutation tests (1000 permutations). Principal component analysis (PCA) was carried out with R software (R Development Core Team, 2007) using the *prcomp* command. In the PCA, data was analysed on an accession level where the number of copies of each allele at each locus were treated as independent variables.

Publicly available wheat SNP data for both tetraploid and hexaploid accessions \[[@B27]\], was added to our tetraploid wheat landraces data and utilized in analyses of population structure, using the model-based Bayesian clustering approach implemented in Structure \[[@B28]\]. Models assuming one (*K* = 1) to 20 (*K* = 20) clusters were used to test different datasets, using 50,000 MCMCs and 20,000 burn-in runs with the "admixture" model. Ten replicate runs were performed for each value of *K*. The best-fit model was determined by calculating *ΔK*\[[@B29]\] and from the similarity coefficients (H' values) obtained from the software CLUMPP v 1.1.1 \[[@B30]\]. In CLUMPP the FullSearch algorithm was used for comparing runs with *K* \< 4, whereas the Greedy algorithm was used for *K* = 4 to *K* = 6 and the LargeKGreedy algorithm for higher Ks. We also evaluated the "no admixture" model using the same settings. CLUMPP was further used to compare the output of Structure analysis of durum SNP and SSR data. Graphical representation of results of CLUMPP runs was obtained using the DISTRUCT software v 1.1 \[[@B31]\]. We also re-analysed part of the SSR data for durum generated by Oliveira et al. \[[@B12]\] (using the "admixture" model only). In this case accessions were treated as haploid as only single alleles had been scored for each accession; analyses were otherwise carried out as for the SNP data.

Linkage disequilibrium (LD), measured as D' and r^2^, was calculated using purpose written Perl scripts. As phase could not be determined for accessions where both loci were heterozygous, such pairs were omitted from calculations of LD. For pairs of mapped SNPs (based on the preliminary wheat SNP genetic map \[[@B27]\]) map distance was used to explore the rate of decay in LD with distance. The *nls* command of the software R (R Development Core Team, 2007) was used to fit a non-linear regression line to the LD between pairs of linked SNPs in order to explore the decay of LD over distance.

Results
=======

SNP validation and quality control
----------------------------------

The full SNP panel developed by the Functional Genomics Group at the University of Bristol and collaborators \[[@B24]\] was assayed in six tetraploid landrace wheat accessions (durums Cltr15472, PI52503, PI192483 and TRI3055; rivets PI372456 and TRI4082) using the KASPar method (genotypes available at \[[@B27]\]). A total of 5386 SNPs were assayed of which 2714 (50.4%) were successfully genotyped in all six landraces.

Since these results were generated, many of the SNPs in the Allen et al. \[[@B24]\] panel have been mapped to the wheat genome \[[@B27]\]. As expected, the SNPs that had failed to genotype the initial six tetraploid accessions in many cases map to the D genome. However, 146 SNPs that mapped to the D genome in one of the two mapping panels used in \[[@B27]\], were successfully genotyped in at least one of the six tetraploids in the test panels. In addition, 83 SNPs mapping to the D genome were successfully genotyped in all six wheats in the test panel suggesting these markers have either been incorrectly mapped or genotype in more than one genome (Additional file [3](#S3){ref-type="supplementary-material"}).

Of the 5386 SNPs assayed in the six test individuals, 444 were chosen for further genotyping. These were genotyped in an additional 99 tetraploid wheats creating a dataset consisting of 105 tetraploid wheats (emmers, durums and rivets). Of the 444 SNPs assayed seven were later revealed to map to the D genome and were subsequently removed from further analyses (highlighted in red in Additional file [1](#S1){ref-type="supplementary-material"}).

Commercial varieties of durum can be considered to be pure lines and should therefore exhibit very limited heterozygosity, even when several individuals of the same accession have been pooled as in this study. Thus, as an additional quality control, we removed another 68 SNPs which exhibited heterozygosity in one or more of five commercial durum varieties included in this study (highlighted in red in Additional file [1](#S1){ref-type="supplementary-material"}). As the commercial durum varieties had a close common origin these were not used for further analysis. The final data set described below thus consisted of 100 tetraploid wheats genotyped for 369 SNP markers.

Genetic diversity and evaluation of ascertainment bias effects
--------------------------------------------------------------

Of the accessions genotyped all but one, PI117420, exhibited heterozygosity at one or more loci. The number of heterozygous loci per accession ranged from zero to 84 with an average 17.8 heterozygous loci (4.8%, s.d. 20.2). This could be due to either variation among individuals within an accession (as DNA was extracted from bulks of five individuals), heterozygous individuals or a combination of the two. Among the different wheat types, durum and rivet exhibited more heterozygous loci (6.4 and 5.7% respectively) than landrace emmer and wild emmer (3.4 and 1.2% respectively) (Table [1](#T1){ref-type="table"}).

###### 

Average genetic diversity measures and Tajima's D observed across all loci and linkage disequilibrium between unlinked markers for the different types of wheat studied

                                 **N**   **H**~**o**~^**a**^   **h**              **min h**^**b**^   **max h**^**c**^   **min h/max h**   **r**^**2e**^   **Tajima's D**
  ------------------------------ ------- --------------------- ------------------ ------------------ ------------------ ----------------- --------------- ----------------
  Wild emmer                     8       0.012                 0.237              0.232              0.240              0.968                             −2.739\*\*\*
  Landrace emmer                 14      0.034                 0.270              0.257              0.278              0.926                             −0.586
    Average for subsample of 7                                 0.231 (0.006)^d^   0.216 (0.006)      0.238 (0.006)      0.910                              
  Landrace durum                 71      0.064                 0.289              0.266              0.306              0.868             0.033; 0.014    1.419
    Average for subsample of 7                                 0.251 (0.007)      0.226 (0.007)      0.267 (0.007)      0.848                              
  Landrace rivet                 7       0.057                 0.305              0.282              0.179              0.880                             −1.594
  All tetraploid wheats          99      0.056                                                                                            0.036; 0.015    2.509\*

^a^Average observed within accession heterozygosity.

^b^Minimum possible diversity for pooled individuals.

^c^Maximum possible diversity for pooled individuals.

^d^Average and standard deviation for 1000 replicates.

^e^Average and median linkage disequilibrium between unlinked markers.

\*p \< 0.05; \*\*\*p \< 0.001.

Genetic diversity, measured as Nei's h, was calculated from the SNP genotyping results. To account for the effects of pooling individuals, both the minimum and maximum genetic diversity possible were estimated in addition to the observed diversity (Table [1](#T1){ref-type="table"}). The minimum diversity ranged from 86.8% of the maximum possible diversity in durum, to 96.8% of the maximum diversity in wild emmer; these differences in diversity measures could in some cases influence the outcome of comparisons between wheat subspecies.

The direct estimates of diversity (h in Table [1](#T1){ref-type="table"}) were highest in rivet and durum landraces (0.305 and 0.289 respectively), followed by landrace emmer (0.270). The lowest diversity was detected in the wild emmers analysed (0.237). The high diversity of the durum and landrace emmer was in part caused by the higher number of accessions studied. Subsampling the durums and landrace emmers to the same sample size (N = 7) as rivets and wild emmer reduced the diversity from 0.289 to 0.251 for durums and from 0.270 to 0.231 for landrace emmers (Table [1](#T1){ref-type="table"}).

The 369 SNPs used for genotyping were partly chosen on the basis of being variable in the panel of six test accessions, four durums and two rivets, and hence the high diversity of durum and rivet was most likely also caused by ascertainment bias. To quantify this effect we compared genetic diversity in the six test accessions using the data for the complete 5386 SNP panel and the subset of 369 SNPs used in the analysis of the remaining accessions. The average diversity for the test panel across the 5386 SNPs of the full panel was only 0.083 compared to 0.328 for the 369 SNPs in the final dataset, or 25.3% of the diversity in the final assay panel. Looking only at the 2714 SNPs that successfully amplified in all the test accessions the genetic diversity (0.164) was still only 50.2% of that of the 369 SNPs used for the extended set of accessions.

It has been suggested that the effects of ascertainment bias can be alleviated by combining SNPs into haplotypes \[[@B32]\]. To investigate this we combined neighbouring SNPs in two datasets (the six test individuals genotyped for 5368 and 369 SNPs, respectively) into non-overlapping haplotypes two to ten bases long and recalculated the genetic diversity based on haplotypes. That is, for making two-SNP haplotypes the first two SNPs along a chromosome were combined to create the first haplotype marker, then the following two SNPs were combined to create the second haplotype marker and so on. While the diversity based of the unbiased 5386 SNP set approached that of the biased 369 SNP set, going from 53.2% (0.215 vs 0.412 for the 5386 and 369 SNP set respectively) at the two-SNP haplotype stage to 65.8% (0.466 vs 0.708) at the ten-SNP haplotype stage, the genetic diversity was still significantly lower for the unbiased haplotypes based on the 5386 SNP set also at the ten-SNP haplotype stage (one-tailed t-test, p \< 0.01).

Linkage disequilibrium in tetraploid wheats and durum landraces
---------------------------------------------------------------

LD was measured both as D' and r^2^. As both measures gave similar results only the latter is reported below. For pairs of unlinked loci (only pairs of loci on different chromosomes were used) the r^2^ values for most pairs showed fairly low levels of LD with a skewed tail of higher values of LD (Additional file [4](#S4){ref-type="supplementary-material"}). Across all tetraploid wheats the median r^2^ for pairs of unlinked loci was 0.015 (average 0.036, Table [1](#T1){ref-type="table"}). The durum accessions showed slightly but significantly less LD than the combined set of all tetraploid wheats with a median r^2^ of 0.014 (average 0.033, Table [1](#T1){ref-type="table"}, two-tailed t-test: p \< \< 0.001). However, r^2^ values higher than 0.3 were more common among durums than when considering all tetraploid wheats together. For both tetraploid wheats in general, and to a larger extent for the landrace durum wheats, a number of pairs of loci (7 and 24 respectively), located on different chromosomes but in complete LD was detected.

By fitting a non-linear regression to the LD for pairs of loci located on the same chromosome, we noted that LD quickly decayed to background levels over a distance of less than 10 cM for tetraploid wheats in general, whereas for the durum landraces only LD decayed to background levels somewhat slower, over a distance of less than 15 cM (Figure [1](#F1){ref-type="fig"}). However, in both datasets pairs of loci with r^2^ of more than 0.4 could be detected over several tens of cM (Additional file [5](#S5){ref-type="supplementary-material"}a, b).

![**Linkage disequilibrium (r**^**2**^**) between linked markers, located 20 cM or less apart, plotted against the genetic distance with a non-linear regression line fitted to the values. a)** All tetraploid wheats; **b)** durum landraces only.](1471-2156-15-54-1){#F1}

LD measured between neighbouring loci across all tetraploid wheats identified a few regions of high LD. Using 0.3 as an arbitrary cut-off, chromosomes 1A, 1B, 3A and 5B all contained regions where 3 or more neighbouring pairs had high LD, covering regions of up to 15 cM.

Distribution of genetic diversity in tetraploid wheats
------------------------------------------------------

We calculated Tajima's D statistic across all loci for the complete data set and for the different types of wheat. The complete dataset showed a significantly positive Tajima's D and evidence of population subdivision. In contrast, within type values were all non-significant with the exception of wild emmer, which had a significantly negative value of Tajima's D, indicative of population growth (Table [1](#T1){ref-type="table"}). The landrace durum was the only type of wheat showing a positive, albeit non-significant, Tajima's D.

Pairwise F~ST~ values between the different types of wheat were all highly significant and ranged between 0.033, comparing durum and rivet, and 0.214 when comparing wild emmer and rivet (Table [2](#T2){ref-type="table"}). This was partly reflected in the PCA of the different accessions where the first two PCs explained 9.85 and 6.90% of the variation, respectively. Rivets (orange in Figure [2](#F2){ref-type="fig"}) primarily clustered among the durums (red) along PC1 and to a greater extent PC2, while there was a larger level of separation between emmers (black and purple) and durums along the first PC and between wild and domesticated emmers along PC2 (black and purple respectively). No type of wheat was, however, uniquely separated from the others along the two first PCs (Figure [2](#F2){ref-type="fig"}).

###### 

**Pairwise F**~**ST**~**values between pairs of wheat types**

                   **Wild emmer**   **Landrace emmer**   **Landrace durum**
  ---------------- ---------------- -------------------- --------------------
  Landrace emmer   0.146            \-                   \-
  Landrace durum   0.091            0.112                \-
  Landrace rivet   0.214            0.167                0.033

All values are significant values at p \< 0.001.

![**Results of Principal Component Analysis (PCA) of tetraploid wheat accessions based on 369 SNP markers.** Each dot represents the location of a wheat accession along the first two principal components. Black = wild emmer; purple = landrace emmer; red = durum; orange = rivet.](1471-2156-15-54-2){#F2}

For all our Structure analyses of SNPs we tested both the "admixture" and the "no admixture" model. The two models in general showed a good agreement in the number of clusters for which the highest support was obtained. Although there were some differences regarding individual proportional memberships to the different clusters (Additional file [6](#S6){ref-type="supplementary-material"}), the two models yielded the same general conclusions. The "admixture" model produced results that seemed more informative about gene flow between the different groups and we thus based our main analysis on these results.

Similar results to the PCA of tetraploid wheats were obtained from Structure analysis where both *ΔK* and CLUMPP H' values suggested *K* = 2 as the most likely clustering, but also with support also for *K* = 4 from Δ*K* and *K* = 5 from CLUMPP H' values. At *K* = 2 the tetraploid wheats were primarily split into one group consisting of wild and landrace emmers and one group comprising durums and rivets (Figure [3](#F3){ref-type="fig"}a) but with mixed ancestry of many accessions. The emmer wheats together remained a distinct cluster also at higher levels of *K*. Instead a mixed ancestry was introduced for the durums and rivets, but no cluster unique for each type could be detected (Additional file [7](#S7){ref-type="supplementary-material"}).

![**Structure plot of a) tetraploid wheats in the*K =*** **2 model and b) durums only in the*K =*** **4 model.** Each accession is depicted by a vertical line segmented into *K* coloured sections. The length of each section is proportional to the estimated membership coefficient (Q) of the accession to each one of the *K* number of clusters. Accessions are assembled by a) taxon and b) country of origin.](1471-2156-15-54-3){#F3}

Geographic structuring was also explored for the durums alone. When analysing the data with the software Structure, the computation of *ΔK* suggested the distribution of genetic diversity was best described by four clusters (three for the "no admixture" model) while CLUMPP H' values were similarly high for *K* = 2 to *K* = 4 (highest for *K* = 3 for the "no admixture" model). Neither the PCA nor any level of clustering showed a strong geographic structure. Instead, different accessions from the same country or region clustered together already at *K* = 2 in the Structure analysis (Additional file [8](#S8){ref-type="supplementary-material"}a). Some geographical patterns could, however, be detected. At *K* = 4 (Figure [3](#F3){ref-type="fig"}b) an eastern group (blue in Figure [3](#F3){ref-type="fig"}b) contained accessions from Cyprus, Croatia, Egypt, Iran, Iraq, Israel, Jordan, Lebanon and Turkey. A western group (green) contained accessions from Algeria, France, Morocco, Portugal, Spain and Tunisia. A second mainly eastern cluster (red) contained other accessions from Croatia and Turkey, but also from Greece and one Portuguese accession. The fourth cluster contained all Italian accessions, and also accessions from Spain and Tunisia (yellow). Similar clustering could be detected in the PCA (Figure [4](#F4){ref-type="fig"}).

![**Results of Principal Component Analysis of durum wheat landrace accessions coloured and labelled by country of origin.** PCA was based on the allele frequencies of 369 SNP markers.](1471-2156-15-54-4){#F4}

Distribution and structuring of genetic diversity between ploidy levels
-----------------------------------------------------------------------

In addition to the tetraploid accessions genotyped in this study, the publicly available genotypes for the same SNPs in bread wheats were obtained \[[@B27]\]. These genotypes, derived from 36 winter-sown and 12 spring-sown commercial bread wheats and 32 landrace bread wheats (23 winter and 9 spring, respectively, Additional file [2](#S2){ref-type="supplementary-material"}), allowed us to explore the distribution of genetic diversity between tetraploid and hexaploid wheats.

A PCA of all 184 accessions widely separated three bread wheats (Yumai 34, Anahuac 75 and Ukrainka 3) from all other accessions along the first PC (Additional file [9](#S9){ref-type="supplementary-material"}). These three accessions were consequently excluded from all further analysis. For the remaining 181 accessions, the first two PCs explained 10.83 and 6.48% of the variation, respectively, and individuals showed a high degree of clustering according to type (Figure [5](#F5){ref-type="fig"}a). Wild and domesticated emmer accessions (black and purple respectively in Figure [5](#F5){ref-type="fig"}) were centrally located along the first PC where hexaploid wheats (blue and green) and durums and rivets (red and orange respectively) were to a large degree separated from emmers and each other. The second PC primarily separated landrace bread wheats from commercial bread varieties. The third PC explained only 5.71% of the variation but added separation between wild and domesticated emmer (Figure [5](#F5){ref-type="fig"}b). No clear separation between rivets and durums could be detected along any of the first four PCs.

![**Results of Principal Component Analysis of all wheats (excluding Yumai 34, Anahuac 75 and Ukrainka 3).** Black = wild emmer; purple = landrace emmer; red = durum; orange = rivet; blue = landrace bread wheat; green = commercial bread wheat **a)** First and second PCs, **b)** third and fourth PCs.](1471-2156-15-54-5){#F5}

Structure analysis of all wheat types was carried out to further explore genetic differences between different types. At *K* = 2 durum and rivet accessions mainly clustered together while the bread wheats were grouped in a different cluster and emmer wild emmer accessions showed a mixed ancestry (Figure [6](#F6){ref-type="fig"}a). At *K* = 3 the commercial winter bread wheats clustered away from the commercial spring and landrace bread wheats and *K* = 4 separated the outlying wheats from the PCA. *K* = 5 saw the formation of an emmer cluster (Figure [6](#F6){ref-type="fig"}b). Higher levels of K, although supported by *ΔK* values (supporting *K* = 2 and *K* = 8) and CLUMMP H' values (supporting *K* = 2 and *K* = 9), mainly introduced mixed ancestry to the accessions (Additional file [10](#S10){ref-type="supplementary-material"}a and b).

![**Results of Structure analysis of the complete set of wheat accessions based on 369 SNPs for a)*K*** **= 2 model, b)*K*** **= 5 model.**](1471-2156-15-54-6){#F6}

Comparisons between different marker systems
--------------------------------------------

The durum accessions SNP genotyped in this study had previously been genotyped for 29 SSR markers \[[@B12]\], which allowed direct comparison of the two marker systems. The multi-allelic SSR markers (average 11.2 alleles per marker) had higher levels of genetic diversity (average 0.654 vs. 0.289, one-tailed t-test, p \< 0.001). However, upon merging neighbouring SNPs to haplotypes, already at the two SNP haplotype stage, the genetic diversity of the haplotypes (average 0.625) was as high as that of the SSRs (one-tailed t-test, p = 0.158).

We also analysed the durum accessions present in both the Oliveira et al. \[[@B12]\] and the present datasets with PCA and Structure analysis to compare the ability of the two marker systems to detect genetic structure. For the SNP dataset the ΔK and CLUMPP H' values both suggested structure was best described by four clusters, while for the SSR dataset ΔK and CLUMPP H' were both highest at *K* = 2, suggesting that the SNP markers were able to detect higher levels of structuring than the SSRs.

Many accessions, such as most of those included in the Italian cluster described above, clearly demonstrated similar clustering using the two marker systems; however, this was not the case for all accessions (Additional file [8](#S8){ref-type="supplementary-material"}). Comparing the outcome of the Structure analysis of the two marker systems using CLUMPP, it was clear from the H' values that the correspondence between the two different marker systems was markedly lower than between repeated Structure runs of the same marker data (e.g. 0.996 and 0.998 for ten runs of SSRs and SNP markers respectively at *K* = 2, vs 0.776 comparing SNPs and SSRs). The degree to which accessions were assigned to a Structure cluster was highly correlated at *K* = 2 (*r* = 0.797, p \< \< 0.001) but with marked differences for some accessions. For example, the accession CItr15519 was assigned almost completely to one group based on SNP markers, but to the opposite group based on SSRs. A PCA of the SSR data showed lower explanatory power of the two first PCs (6.0 and 4.4% for SSRs compared to 8.3 and 7.8% for SNPs).

Discussion
==========

Marker transferability between wheat types
------------------------------------------

Once developed, SNPs in crops constitute amenable high-throughput genetic markers, sufficiently abundant to be useful for many applications in plant breeding as well as in explorations of crop evolutionary history. The markers developed for such SNP panels are, however, a direct result of the individuals chosen for identifying genetic diversity in the first place. This can lead to an ascertainment bias in estimates of genetic diversity, since alleles segregating at low frequencies will be disregarded.

Ascertainment bias will, in particular, be an issue when the markers are used to compare those populations used to develop them with other populations \[[@B33]\]. In this study, the use of a test panel of four durums and two rivet accessions to identify polymorphic loci in tetraploid wheats allowed the quantification of the effect of ascertainment bias on marker selection. The markers eventually used showed a genetic diversity in the test panel that was twice that of all the successfully amplifying markers. The increasing levels of genetic diversity found in this study, going from wild emmer to landrace emmer to durum and rivet, is in contrast to what has been shown using other marker systems \[[@B14],[@B11],[@B34]\], and may well be ascribable to ascertainment bias. This is particularly evident in the number of heterozygous loci which one would expect to be higher in wild emmer and emmer than in durum landraces, due to their higher rates of outbreeding, older evolutionary history and lower selection for desired agronomic traits. In fact the number of heterozygous loci are actually lower in the emmers. The choice of markers initially found to be polymorphic in durum landraces biased the levels of polymorphism towards the latter, making them appear to have higher diversity than wild and cultivated emmer. Correcting for sample size did reduce the genetic diversity of landrace emmer and durum, demonstrating a partial effect of sample size; however, rivet and durum remained the most diverse wheat types. It has been suggested that ascertainment bias can be circumvented by combining SNPs into haplotypes \[[@B32]\]. Combining SNPs into haplotypes certainly reduced the effects of ascertainment bias on estimating genetic diversity, but it was not able to fully compensate for it.

Several of the accessions amplified more than one allele at 10% or more of the markers. Such high levels of heterozygosity are not expected from a self-fertilising plant and thus most likely constitute within-accession diversity. The SNP genotyping system used does not reliably allow quantification of allele frequencies in pooled samples and our estimates show that the differences between maximum and minimum possible diversity can be more than 10% in a dataset such as the one presented here. Bulked samples does allow cost-efficient capture of genetic diversity in heterogenous landraces or wild populations, but separate analyses of several individuals from each accession would be required to more accurately determine their genetic composition (see e.g. Forsberg et al., forthcoming).

Mapping of markers and linkage disequilibrium
---------------------------------------------

Seventy-one SNPs mapping to the D genome were successfully genotyped in the test panel of six tetraploid wheats, where only the A and B genomes occur. This is a cause of concern as it suggests some markers may have been incorrectly mapped or are not genome specific. To minimize the number of such markers, we excluded all markers mapping to the D genome. We also removed putative cross-amplifying markers showing within-accession heterozygosity in five genotyped improved durum varieties, since these accessions can be expected to be genetically monomorphic. High heterozygosity in SNP loci in wheat lines selfed for many generations has also been noted by Würschum et al. \[[@B35]\] as an unexpected and yet frequent occurrence; this lead to their removal of all SNPs showing heterozygosity in more than 30% of the lines studied. Clearly, information about genome specificity and map-position of SNP markers in the wheat genome needs to be critically evaluated. As SNP genotyping technology improve further, genome specific markers will be more common and strategies to produce these have already been developed \[[@B7],[@B24]\].

Our background level of LD was lower than that previously detected in bread wheat using other marker systems, but with LD between linked loci decaying on a similar scale as in previous studies of bread wheat \[[@B35]-[@B38]\] and durum \[[@B39],[@B40]\], and slower than what was demonstrated in both bread wheat and durum by Somers et al. \[[@B41]\]. For association mapping of traits segregating in Mediterranean landrace durum, assuming a ratio of mapping to physical distance of 1 cM/Mb, a marker density of several thousand markers is required to capture haplotype blocks across the genome. We found, however, as has been shown in previous studies of wheat, that LD varies between different chromosomes and chromosomal regions \[[@B35],[@B37]\], which will affect local resolution in association mapping.

Insights into the evolutionary history of domesticated wheat
------------------------------------------------------------

Population structure studies based on SNP data can potentially be affected by ascertainment bias when the SNP panel used has been developed for populations or species other than those analysed \[[@B21],[@B22]\]. Hübner et al. \[[@B23]\] used unbiased SSRs and SNPs that were developed for elite barley (thus being biased markers), to investigate population structure in the same populations of wild and domesticated barley. They detected an underrepresentation of rare alleles when analysing the genetic diversity of wild barley with the SNPs developed for elite breeds, which is a result of ascertainment bias. Nevertheless the authors found that the two marker systems detected the same population structure and number of clusters for the wild barley populations, suggesting that the effect of ascertainment bias on detection of genetic structuring was minor.

In this study we find strong support for independent evolutionary trajectories for tetraploid and hexaploid wheats. Structure analysis first separates hexaploid wheats from durums and rivets, with intermediate clustering of wild and landrace emmers (Figure [6](#F6){ref-type="fig"}a) as would be expected if the latter are the ancestors of both durum and bread wheat. In the PCA shown in Figure [5](#F5){ref-type="fig"}a, wild emmer accessions are located in the centre of the plot, as would also be expected from an ancestral gene pool. Clustering with the wild emmer is domesticated emmer and the gradual development of durums is observed along the first PC. At the other end of the first PC, landrace bread wheats cluster away from the wild emmers in the hexaploid domestication path. The clear separation of durums and bread wheats, with an intermediate position of emmers, supports the suggested emmer, rather than durum, ancestry of bread wheat \[[@B11],[@B13],[@B14]\].

More surprisingly, along the third PC, wild emmer assumes an intermediate location compared to bread wheats and domesticated emmer landraces, tentatively suggesting gene flow from wild emmer into the progenitor of hexaploid wheat or directly to the A and B genomes of hexaploid wheat. The location of durum along the third PC likewise suggests a role of wild emmer in the formation of the durum gene pool. Further studies directly targeted at clarifying the evolutionary origin of domesticated wheat and the role of gene flow between different types of wheat are needed.

Taxonomy and structure of tetraploid wheats
-------------------------------------------

Durum and rivet have traditionally been classified as different taxa, based on different ear morphology and by the latter's broader tolerance to moist and cold environments. Neither the PCAs presented here nor the Structure analysis separate durum and rivet from each other. The F~ST~ value between the two was the lowest of the pairwise F~ST~ values calculated (albeit significant). As in Oliveira et al. \[[@B12]\] no genetic support for separating the two into different taxa was found. We thus conclude that gene flow between durum and rivet is probably frequent enough to prevent them from becoming genetically distinct and they should be classified as the same taxon.

Given the number of markers used in this study it is unlikely that our genome-wide values of Tajima's D are caused by selection acting on all the different markers. More likely they reflect components of population history that affect the whole genome equally, such as population subdivision or population growth for example following a bottleneck. Ascertainment bias resulting from the marker selection in this study should lead to an underrepresentation of rare alleles \[[@B23]\]. As a lack of rare alleles will result in a positive value of Tajima's D, ascertainment bias should act to increase estimates of D. In spite of this, only durum (the type least affected by ascertainment bias) had a positive D and wild emmer had a significantly negative D. The negative D of wild emmer is surprising as it suggests population growth, which would be expected to be more significant in the domesticated wheat types. However, this result corroborates that of Haudry et al. \[[@B14]\] and tentatively suggests a past bottleneck in wild emmer.

Although the Tajima's D of landrace durum was not significantly positive, it was markedly higher than those of the other types of wheat. This, together with the somewhat higher LD found in durum wheats compared to the complete set of tetraploid wheats, suggests that a certain level of population subdivision is present in the landrace durum analysed here, possibly resulting in the observed genetic structuring. The increased number of markers allowed for the detection of higher levels of genetic structuring than those found by Oliveira et al. \[[@B12]\] (four vs. two). As in Oliveira et al. \[[@B12]\], geographically isolated durum populations were not found, although broad scale structuring patterns could be detected.

Comparison of marker systems
----------------------------

Most of the tetraploid wheats used in this study had previously been genotyped for 29 SSR markers \[[@B12]\]. This enabled the direct comparison of the two marker systems used. SSR markers show a higher diversity than each single SNP marker, which is in agreement with earlier studies \[[@B35],[@B42]\]. Nevertheless, when merging as few as two neighbouring SNPs, the haplotypes show as much genetic diversity as the SSR markers. For capturing genetic diversity, two-SNP haplotype markers can thus be as efficient as an SSR. It is, however, worth noting that in the setup used, only a single allele could be scored for each SSR marker in each accession, while heterozygosity could be detected for the SNP markers.

Haasl and Payseur \[[@B43]\], using simulated datasets, calculated that 1000 ascertained SNPs were required to equal the performance of 100 non-ascertained SSRs in inferring correct population structure. In the study described here, the first two PCs of a PCA of the SNP markers explained a larger proportion of the genetic diversity, and the 15-fold increase in marker number did allow the discernment of higher levels of clustering for durum wheat. Although the correspondence in clustering between the two marker systems was not complete and some accessions clustered differently in the PCA and Structure analysis, the general conclusions drawn from the two marker systems remained the same.

Conclusion
==========

The use of SNPs in determining population structure in wheat species shows promise. The SNPs used here were discovered in a panel of elite cultivars, which likely reduces the capacity to compare genetic diversity between accessions from other ploidy level or subspecies; however this does not appear to invalidate the usefulness of the method for some purposes. Ascertainment bias does not seem to interfere with the ability of a SNP marker system developed for elite bread wheat to detect population structure in other types of wheat. More SNP markers with greater genome specificity and better mapping data will improve the resolution of this approach.
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